Purpose: To characterize the morphological and dynamic-contrast-enhanced (DCE) MRI features of chordoma and giant cell tumor (GCT) of bone occurring in the axial skeleton. Materials and Methods: A total of 13 patients with chordoma and 26 patients with GCT who received conventional T1, T2, and DCE-MRI on 3 Tesla MR scanners were retrospectively identified and analyzed. Two radiologists evaluated morphological features independently, including the lesion location, expansile bone changes, vertebral compression, presence of paraspinal soft tissue mass, fibrous septa, and the signal intensity on T1WI and T2WI. The inter-observer agreement was evaluated by kappa test. The DCE kinetics was measured to obtain the initial area under curve (IAUC) and the wash-out slope; also the two-compartmental pharmacokinetic model was applied to obtain K trans and k ep . The diagnostic accuracy was evaluated by CHAID decision tree and ROC analysis. Results: Chordomas were more likely to show soft tissue mass than GCTs (13/13 5 100% versus 15/26 5 58%; P 5 0.007), as well as fibrous septa (9/13 5 69% versus 0; P < 0.001). In decision tree analysis, presence of fibrous septa and lesion location yield 31/39 5 79% accuracy. The DCE-MRI pharmacokinetic parameters K trans and k ep of GCTs were significantly higher than those of chordomas, 0.13 6 0.65 versus 0.06 6 0.04 (1/min) for K trans , 0.62 6 0.22 versus 0.17 6 0.12 (1/min) for k ep , P < 0.001 for both. If using kep 5 0.43/min as the cut-off value, it achieved 100% sensitivity and 92% specificity to differentiate chordoma from GCT, with an overall accuracy of 37/39 5 95%. The IAUC was highly correlated with K trans (r 5 0.94), and the slope was highly correlated with k ep (r 5 0.95). Conclusion: Several morphological features were significantly different between chordoma and GCT, but their diagnostic performance was inferior to that of DCE-MRI.
C hordoma and giant cell tumor (GCT) in the axial skeleton are primary tumors of bone, with similar clinical symptoms. On imaging, both are characterized with osteolytic bone destruction, lesions of heterogeneous signal intensity, and cystic regions. 1, 2 Chordoma was most often present in the clival and sacral regions, and the lesion location was commonly used as the diagnostic indicator. 3 Therefore, when GCT occur in basilar clivus, cervical C1-2 or sacral vertebra, it may be inaccurately diagnosed as chordoma based on the location. 2 In sacrum, chordoma and GCT of bone are the top one and two common primary tumors. 4 Also, as more chordomas were reported to occur in various segments of the spine, misdiagnosing the lesion based on its location can occur. 3, 5 therapy. The purpose of this study is to evaluate the morphological features on T1 and T2 weighted images and the parameters analyzed from dynamic contrast enhanced MRI (DCE-MRI) for the differentiation of chordoma and GCT.
Materials and Methods

Patients
Thirty-nine patients were analyzed in this retrospective study. There were a total of 13 chordoma cases (7 males and 6 females; mean age 47 years old), 9 cases occurring in clivus and cervical vertebra and 4 cases occurring in sacrococcyx. There were 26 cases of GCT (16 males and 10 females; mean age 33 years old), 11 cases in cervical vertebra, 7 cases in thoracic vertebra, 6 cases in lumbar vertebra, 2 cases in sacral vertebra. These patients were identified through a search of our clinical MRI database in 2009-2014, from patients who received an MRI examination including a DCE-MRI sequence. To be eligible for this study, patients should not have received any biopsy, surgery or other treatments before MRI. This study was approved by the Ethics Committee of our hospital, and the informed consent was waived.
MR Imaging Protocol
The studies were performed on a Siemens Trio 3 Tesla (T) MR scanner (2009) (2010) (2011) (2012) (2013) ) and a GE Discovery MR750 3T scanner (2013-2014), using a similar protocol. When changing the scanner from Siemens to GE, one major requirement was to make the image contrast and quality of the GE scanner consistent with those of the Siemens scanner. The conventional imaging sequences included transverse T 2 WI, sagittal T 2 WI without and with fat suppression, and sagittal T 1 WI, acquired by using the fast spin echo pulse sequence. Next the DCE-MRI was performed by injecting Gd-DTPA (0.1 mmol/kg) using the Ulrich power injector at a flow rate of 2 mL/s, followed by 20 mL saline for flushing at the same rate. The DCE sequence on the Siemens scanner was the FLASH three-dimensional (3D) VIBE (volume interpolated breathhold examination), TR 5 4.1 ms, TE 5 1.5 ms, flip angle 5 10 , acquisition matrix 5 256 3 192, field of view (FOV) 5 250 3 250 mm. A total of 30 slices, 3 mm thick with a gap of 0.6 mm, was prescribed to cover the entire abnormal region. Each dynamic frame was 10-14 s, and 12 frames were acquired with a total DCE time period of 120-168 s. When the study was moved to the GE scanner, a DCE-MRI protocol by using the LAVA (Liver Acceleration Volume Acquisition) pulse sequence with similar spatial and temporal resolution was used.
Image Analysis
The images were evaluated by two radiologists (N.L. and X.X.) independently. They were experienced in diagnosis of spinal diseases with 10 and 7 years of experience, respectively. The segment involved, the presence of expansile bone changes (yes or no), the degree of vertebral compression (>50%, <50%, or no), disruption of bone cortex (yes or no), paraspinal soft tissues mass (yes or no), fibrous septa in T2-weighted soft tissues (yes or no), were tabulated. The signal intensity of the lesion on T1WI and T2WI were evaluated by using the intensity of the spinal cord as the reference, and determine as "low", "equal", or "high" when the intensity of the lesion was lower than, equal to, or higher than that of the spinal cord, respectively. On T2WI, because CSF signal was higher than that of the spinal cord, we added one more category as "very high" when the intensity of the lesion was comparable to that of the CSF. A manual region of interest (ROI) ranging from 0.5 to 1.2 cm 2 was placed in the most overtly enhanced area in the lesion, excluding regions with cystic lesions, calcification, necrosis, and hemorrhage, etc. Two radiologists drew the ROI separately. Siemens Sygno Mean Curve software was used to measure the signal intensity time course of the selected ROI. The semiquantitative and quantitative DCE-MRI analysis methods were applied to characterize spinal tumors. 6, 7 Based on the signal intensity time course the DCE kinetic pattern was separated into three categories: (1) the wash-out pattern: reaching the peak near 1-min and showing wash-out with >10% slope from the peak; (2) the plateau pattern: the signal intensity remaining at a constant level after 1-min with less than 10% change; (3) the persistent enhancement pattern: the signal intensity continuing to increase in the DCE period with > 10% change from the intensity at 1-min. The temporal resolution varied slightly, so the data points in the DCE period were not exactly the same for all cases. For cases that had a peak value in the DCE period, the peak most often occurred around the 67-s time point. The initial area under curve (IAUC) was measured by averaging the signal enhancements of data points after injection to the 67-s time point or the closest time point after 67 s. The wash-out slope was calculated based on the peak intensity and the signal intensity at the last time point, as: [(S last -S peak )/S peak 3 100%]; or if there was no peak, the signal intensity around 67 s was used as the reference [(S last -S 67s )/S 67s 3 100%]. The enhancement kinetics was also analyzed by using the two-compartmental Tofts model containing vascular and interstitial spaces, with the in-flux transport rate from vascular to interstitial space as K trans , and the out-flux transport rate from interstitial to vascular space as k ep . 8, 9 The fast population-averaged blood curve by Parker et al 10 was used as the reference (same as the parameters used in Siemens syngo Tissue 4D software). In the analysis, the vascular contribution (that is, the vascular volume) was ignored, and only two parameters K trans and k ep were used in the fitting.
Statistical Analysis
The inter-observer agreement between the morphological parameters read by two radiologists were assessed by using the kappa test, and the DCE parameters analyzed from the ROI drawn by two radiologists were compared using the Pearson's correlation. The v
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Test was used to compare the incidence segments, the degree of vertebral compression, whether there was expansile bone changes, disruption of bone cortex, presence of paraspinal soft tissues mass, fibrous septa in T2 soft tissue, as well as the signal intensity of the lesion seen on T1WI and T2WI. The test was also applied to compare the differences in the DCE kinetic patterns of chordoma and GCT. Pearson's correlation was used to correlate the heuristic DCE-MRI parameters (IAUC and slope) and the pharmacokinetic parameters (K trans and k ep ). The results obtained by the more senior radiologist were used for the final statistical analysis. The CHAID (CHi-squared Automatic Interaction Detection) decision tree was used to analyze the diagnostic performance of personal factors (age and sex) and morphological parameters to differentiate between chordoma and GCT. Software SPSS version 18 was used, and P < 0.05 indicated a significant difference. The receiver operating characteristic (ROC) analysis was performed to evaluate the performance of DCE-MRI heuristic and pharmacokinetic parameters to differentiate between chordoma and GCT, by using MedCalc (Mariakerke, Belgium).
Results
Morphological Imaging Features
The results are summarized in Table 1 . The lesion location segment was categorized into Clivus and C1, C2 (because lesions in this region could not be clearly separated), cervical C3-C7, thoracic, lumbar, and sacral regions. Chordomas mainly occurred in the Clivus, C1, C2 and Sacrales (12/ 13 5 92%), and GCTs were seen in all segments. GCTs were more likely to show vertebral compression (14/26 5 54%) than chordomas (3/10 5 30%), but not reaching the significance level. Almost all lesions showed disruption of bone cortex. All chordomas had soft tissue masses and 9/13 (69%) showed fibrous septa. In contrast, only half GCTs (15/26 5 58%) had soft tissue mass and none showed fibrous septa. Figure 1 shows one chordoma and one GCT that demonstrate these typical morphological features. The CHAID decision tree diagnostic test found that the presence of fibrous septa in T2 soft tissues and the lesion location segment were diagnostic markers. When fibrous septa was present, all 9 cases were chordomas. In the remaining 30 cases without fibrous septa, when the lesion occurring in cervical, thoracic, and lumbar segments, all 22 cases were GCTs. Combining these two markers would yield 31/39 5 79% accuracy. For the eight cases that were not correctly diagnosed, four were chordomas (three in C2, one in S3-5) and four were GCTs (two in C2, one in S1, one in S2). For the signal intensity on T2WI with and without fat suppression, there were significant differences between chordoma and GCT and could help in making diagnosis, but they were not selected in the CHAID diagnostic model.
DCE Kinetic Patterns
All lesions showed strong contrast enhancements. In DCE kinetic patterns, 16 of 26 GCT cases showed the wash-out pattern, 8 had the plateau pattern, and 2 showed the persistent enhancement pattern. Figure 2 shows one GCT with the wash-out DCE pattern, and Figure 3 shows another GCT case with the plateau DCE pattern. In contrast, no chordoma showed the wash-out pattern, 3 showed the plateau, and most of them (10/13) showed the persistent enhancement pattern. Figures 4 and 5 show two chordoma patients demonstrating the persistent enhancement DCE pattern. The difference in the DCE patterns of GCT and chordoma was highly significant (P < 0.001).
Quantitative DCE Parameters Pharmacokinetic parameters analyzed using the twocompartmental model also showed a highly significant difference. The K trans of GCT was higher than that of (95% confidence interval 0.908-1.000) for k ep . When using k ep 5 0.43/min as the cutoff value, it achieved 100% sensitivity and 92% specificity to differentiate chordoma from giant cell tumor, with an overall accuracy of (37/39 5 95%). The distribution of k ep for GCT and chordoma is shown in Figure 6 . Figure 7 shows the correlation between IAUC and K trans (r 5 0.94), and between wash-out slope and k ep (r 5 0.95). The heuristic parameters analyzed directly from the DCE time course were highly correlated with pharmacokinetic parameters. In ROC analysis, the AUC was 0.849 (95% CI: 0.710-0.988) for IAUC, and 0.973 (95% CI: 0.930-1.000) for wash-out slope. The heuristic and pharmacokinetic parameters were highly correlated, and their diagnostic performances were almost identical. 
Inter-observer Agreement
The morphological parameters read by two radiologists independently showed a high degree of agreement, with kappa ranging from 0.835 to 1.0 (complete agreement). The worst agreement was for the determination of expansile bone changes (kappa 5 0.835), and the values for all other parameters were higher than 0.916. The DCE kinetics analyzed from the ROI drawn separately by the two radiologists also showed a high consistency, with Pearson's correlation r > 0.95 for all four analyzed DCE parameters.
Discussion
Chordoma is a rare bone tumor originating in residual embryonic notochord. It accounts for approximately 1-4% of primary bone tumors, and most commonly occurring in the spheno-occipital (clivus) and sacrococcygeal regions. 3 However, there are reports indicating increased incidence in other mobile segments of the spine. 3, 5 Boriani et al reported a large series of 52 cases of spinal chordoma that were collected over 50 years, and among them 29% were in cervical vertebrae, 13% in thoracic vertebrae, and 58% in lumbar vertebrae. 5 Giant cell tumor can affect any bone, most commonly the long bones but can also be seen in the vertebra and sacrum. 11 GCTs in the long bones have distinct imaging features [11] [12] [13] in contrast, those occurring in the axial skeleton present with more atypical features. 14 Both chordomas and GCTs in the spine can compress nerve root or spinal cord, and cause pain, weakness, or even paraplegia. 15 Because these two lesions in the spine are rare, there are few systematic studies to report their MR imaging features in the literature. In this study we evaluated several specific morphological imaging features. Chordoma can easily break the cortex of bone and form mushroom-shaped soft tissue masses in paraspine or outside dura mater. In our study, all chordomas and only approximately half GCTs had soft tissue mass. Chordomas are slow growing tumors. Fluid and gelatinous mucoid substance (associated with recent and old hemorrhage), necrotic areas, and fibrosis are common; also physaliphorous cells are classically seen on microscopy. 16 On MRI, these features might present as fibrous septa in chordoma, as well as the high signals on fat-suppressed and non-fat-suppressed T2WI.
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FIGURE 6: The distribution of K trans and k ep in the GCT of bone and the chordoma groups. The DCE pattern of GCT is more likely to present rapid wash-in followed by wash-out, and it has significantly higher mean K trans and k ep values compared with chordoma. Using k ep 5 0.43/min as the cut-off value can achieve a high diagnostic accuracy of 95%. In contrast, the GCT was more likely to show vertebral compression compared with chordoma. 19 As shown in the table, the lesion location segment, fibrous septa, paraspinal soft tissue mass, and the signal intensity in fat-sat and non-fat-sat T2WI showed significant differences between chordoma and GCT. When applying the CHAID decision tree analysis to evaluate their diagnostic performance, only two parameters, fibrous septa and lesion location segment, were selected in the model, but the accuracy was only 79%.
In the interobserver agreement analysis, it was found that expansile bone changes had the worst kappa value. The first radiologist found it to be significantly different between GCT and chordoma, but the second radiologist found it to be nonsignificant. When expansile bone changes coexisting with bone compression, it became very difficult to evaluate this feature, thus it was not a reliable diagnostic marker. The agreement for all other analyzed morphological parameters was very good.
In this study, we also applied DCE-MRI to investigate the differences between their vascular properties. DCE-MRI is a standard method used for diagnosis of breast cancer and prostate cancer. 20, 21 The signal intensity time course from the tissue contained in the ROI was measured, and that could be analyzed to obtain heuristic parameters (maximum enhancement, wash-in slope, wash-out slope, initial area under curve, etc.) or the pharmacokinetic parameters K trans and k ep ; as well as for classification of the DCE kinetics into "wash-out," "plateau," or "persistent enhancement" pattern. 6, 7 The DCE kinetic pattern was significantly different between GCT and chordoma. Consistent with a much higher proportion of GCT cases showed the early peak enhancement with the wash-out DCE pattern, the obtained pharmacokinetic parameters K trans and k ep were also much higher in GCT than in chordoma. When using k ep 5 0.43/ min as the cut-off value, it could reach 95% accuracy. We also calculated the heuristic parameters that could be easily measured from the DCE time course, and showed a high correlation between IAUC and K trans , and between wash-out slope and k ep . In ROC analysis the diagnostic performances of heuristic and pharmacokinetic parameters were almost identical. For pharmacokinetic model analysis, the optimal method required the measurement of T1 (that is T1-mapping) and the measurement of the precontrast T10 value, so the change of T1 that was proportional to the (Gd) concentration could be measured and used in the analysis.
Because we used the signal intensity time course, not the change of T1, in the two-compartmental model fitting, we were interested in investigating how the obtained parameters K trans and k ep were correlated with heuristic parameters (IAUC and wash-out slope) directly calculated from the DCE kinetics. The IAUC was averaged from the signal intensities of several data points after contrast injection, which was the most robust parameter to show how fast the signal increased during the initial rise phase. For the delayed phase, evaluation of the DCE kinetic pattern using washout, plateau, and persistent enhancement was very common; unfortunately, it did not give a quantitative value that could be used for statistical analysis. Therefore, we tried to come up with a method that could yield the value of the slope in a standardized way. The high correlation between K trans and IAUC, and between k ep and wash-out slope, showed that these parameters could be used as the quantitative characteristic features of the DCE kinetics during the initial phase and the delayed phase as diagnostic markers.
GCT is a benign but very aggressive disease, with a rich blood supply and can present local invasion and further lung metastasis. 22 GCT contains over-proliferation of osteoclasts and numerous thin walled vascular channels predisposing to areas of hemorrhage and presumably related to the common co-existence of cystic regions. 11, [23] [24] [25] Microscopic observation also demonstrates a high microvessel density, and most microvascular structure is incomplete with irregular lumen, thin lumen wall, disorderly arranged, loss of endothelial cells in some vessel walls, and these will present as leaky vessels that have a high vascular permeability. These vascular properties are consistent with a high angiogenesis that will allow a rapid delivery of Gd-DTPA into the tumor to show a strong enhancement and then followed by a rapid wash-out. In contrast, although chordoma is malignant, but slow-growing without overt angiogenesis. 18 The tumor usually contains abundant myxoid stroma and the secreted mucus arranges as nest or strip as teardrop cells, and they may retain the MR contrast agents and make them difficult to be cleared. Combined with the lack of a rich blood supply, the DCE kinetics of chordoma was very likely to show the persistent enhancement pattern. Therefore, based on their different vascular/cellular properties, DCE-MRI could reach a high accuracy to make differential diagnosis. We have tried to investigate the added value of the combined morphological and DCE parameters in making differential diagnosis. When performing separate analysis, the CHAID decision tree found fibrous septa and lesion location segment as two morphological diagnostic markers, but the accuracy was inferior to that of DCE parameters. Although CHAID is preferred for categorical parameters, we combined K trans and k ep (using binning strategy) with the morphological parameters and performed the CHAID decision tree analysis. In the combined analysis, k ep was the only selected diagnostic marker to reach 95% accuracy by itself, and none of the morphological parameters could add any value. Furthermore, due to the different nature of categorical and continuous variables, it was difficult to build a combined diagnostic model. This study has several limitations. The major one was the analysis of K trans and k ep using the signal intensity not the change of T1, also not based on individually measured arterial input function; therefore, the obtained cut-off value may not be applicable to other studies. Another limitation was the small population and lack of diversity. For example, most chordomas were in Clivus, C1, C2, and Sacrales, only one in the cervical region, so we were not able to evaluate the diagnostic accuracy of the atypical lesions. For heuristic DCE parameters, they were directly calculated from the measured signal intensity thus the values might be heavily dependent on the imaging protocols and the intensity profile of the coil, and the results were not generalizable either. Nonetheless, for a single institution, when a large number of cases are collected, they can be used to build a database, and the clinicians or researchers can choose a preferred pharmacokinetic or heuristic analysis method to obtain reliable DCE parameters to aid in diagnosis.
In conclusion, we have shown that some morphological features, including lesion location segment, fibrous septa, paraspinal soft tissue mass, and the signal intensity in fat-sat and non-fat-sat T2WI, could be used to differentiate between chordoma and GCT of bone; but notably their DCE-MRI properties were distinctively different and that could be used to make differential diagnosis with a high accuracy.
